Abstract One of the greatest challenges of limb lengthening and deformity correction is deciding when the bone has healed enough to remove the external fixator. Standard radiography is the most common imaging method used to assess bone healing after distraction osteogenesis because it is widely available, cheap, and relatively safe. However, other imaging technologies and methods are being investigated that will help quantify bone healing after distraction osteogenesis, providing an objective method for deciding when it is appropriate to remove an external fixator. This review will examine the latest techniques used to assess bone healing after distraction osteogenesis including dualenergy X-ray absorptiometry scans, ultrasound, quantitative computed tomography, and digital radiography (X-ray). Recommendations for clinical practice will be outlined.
Introduction and background
First introduced in the early twentieth century [1] , distraction osteogenesis is a principle in which new bone (called the regenerate) develops in an area subjected to gradual tension. This technique was further developed and popularized by Professor Gavril Ilizarov during the 1950s for limb lengthening and reconstruction [2] . Distraction osteogenesis is now used worldwide for limb reconstruction particularly in cases of bone tumors, congenital deformities, bone defects, and osteomyelitis [3] . A minimally invasive, low-energy osteotomy is performed to fracture a bone into two segments. Usually, an external fixator is applied through percutaneously placed transosseus pins and/or wires that are connected to external scaffolding. The external fixator is used to stabilize the fragments and manipulate them to achieve lengthening or deformity correction.
External fixation rather than internal fixation is used for several reasons. The greatest advantage of external fixators is that they allow for control of movement of the bone fragments in multiple planes [4] . This postoperative adjustability is not possible using internal fixation. Additionally, external fixators are ideal for cases where soft tissue or bone is infected, tenuous, or poorly vascularized [5] .
However, external fixation is not without its drawbacks. While there is an advantage to be able to place pins or wires through healthy-appearing skin, this ultimately creates a communicating tract between the skin and bone, increasing the potential for the development of pin tract infection which can lead to osteomyelitis [6, 7] . Prolonged periods of time in an external fixator can lead to multiple problems including osteopenia [8] , an increased rate of persistent pain [9] , and a considerable psychological burden [10, 11] . The importance of this issue has even been recognized by Professor Ilizarov who wrote that "leaving the apparatus on for longer than necessary is as harmful as removing the fixator too early" [12] . Orthopedic surgeons have taken direct aim at shortening the length of time required in the external fixator by creating new limb lengthening and deformity correction techniques, such as lengthening over nail and lengthening and then nailing [6, 13] .
Determining the right time to remove the frame remains a challenge, and proper timing is extremely important to prevent regenerate refracture or deformation resulting in persistent deformity (see Fig. 1 ). Many argue that this is the most difficult and important decision the surgeon must make in limb lengthening and deformity correction. Several studies have attempted to model formulas to help predict the length of time one should remain in an external fixator. For example, Dinah [14] found after reviewing 27 tibia lengthenings in 24 patients that the required time in a frame could be estimated to be 54 days per desired centimeter of total limb lengthening centimeters on average for all patients. Unfortunately, formulas such as this do not work in many cases because bone healing is dependent on both biological and mechanical factors such as age, underlying pathology, mechanical load on and stiffness of the fixation device [15] . For this reason, all patients must be monitored individually for the assessment of progress of their bone formation.
Most surgeons balance qualitative and subjective assessments of bone healing against pressure from the patient (and the same surgeon) to have the frame removed. Many surgeons take into account variables such as whether the patient still has pain with weight bearing, examining gait with the external fixator, and/or dynamizing the frame for a period of time with observation. Even so, the main tool for healing assessment in clinical practice today is standard radiography in two planes. This standard comes from a study by Fischgrund et al. [15] who reported a low fracture rate of 3% when using guidelines that required three of four cortices in the anteroposterior and lateral radiographs to be continuous and at least 2 mm thick in order to have the external fixator removed. While using standard radiography is cheap and quick, the method of identifying three of four cortices does not produce reliable results. Anand et al. [16] found inter-observer agreement to be less than 50% between all involved orthopedic surgeons, suggesting that the assessment of bone healing by radiographs is subjective. Starr et al. [17] found that the decision to remove an external fixator based on radiographic assessment alone resulted in intra-observer and inter-observer variability Fig. 1 AP and lateral digital radiographs of a 70-year-old woman who underwent knee fusion and femoral lengthening for a bone defect resulting from multiple failures of total knee arthroplasty. She presented with a collapsed regenerate 7 weeks after frame removal. AP (a) and lateral (b) radiographs before frame removal. AP (c) and lateral (d) radiographs at presentation of the regenerate collapse moderately above chance. This high variability as to when surgeons find it appropriate to remove an external fixator may contribute, along with other factors (such as primary diagnosis), to the large cited rate of refracture after frame removal (3% to 50%) [18] [19] [20] [21] [22] .
There is a need for a quick, inexpensive, and simple quantitative method to help orthopedic surgeons with determining when is it is appropriate to remove the frame after distraction osteogenesis. Direct stiffness measurements of the regenerate to assess healing using strain gauges attached to the fixator are often cumbersome and require the removal of the fixator. In addition, the equipment used for these direct tests are expensive and may not be available to all practices. Indirect methods are therefore of great interest to the orthopedic community. The literature has several individual reports of groups investigating methods such as dual-energy X-ray absorptiometry (DEXA) scan, ultrasound (US), quantitative computer tomography (QCT), and plain radiographs for this purpose. However, there is no current review in the literature. We therefore believe that a paper summarizing the literature on assessing bone healing after distraction osteogenesis would be useful.
Noninvasive methods

DEXA scans
DEXA is a scanning technique used to determine bone mineral density (BMD) and bone mineral content (BMC). DEXA scans are currently the most commonly used test for measuring BMD and BMC and one of the most accurate ways to diagnosis osteopenia or osteoporosis. While there have been numerous studies investigating DEXA use in assessing bone healing after fracture, very few studies have demonstrated a correlation between DEXA scan measurements and the biomechanical properties of bone after distraction osteogenesis. There have, however, been studies demonstrating that a tibia with a stiffness of 15 N m/degree or a femur with 20 N m/degree should be regarded as healed [23, 24] . For example, in one of these studies, Richardson et al. measured fracture stiffness in 212 patients with tibia fractures treated by external fixation. The researchers subsequently separated the patients into two groups. In one group, the decision to remove the fixator was based on clinical grounds (defined by Richardson et al. as when radiological and clinical findings were considered to show union). In the other group, the frames were removed when the measured fracture stiffness had reached 15 N m/degree in the sagittal plane. In the first group, there were eight refractures (6.8%), and in the second group, there were none. This result lead the group to state that a stiffness of 15 N m/degree provides a useful definition of union in tibia fractures and may be used to decide when to remove an external fixator. Unfortunately, to date no, studies have directly correlated the mechanical tests with DEXA measurements.
One study that identified a correlation between DEXA measurements and the biochemical properties of bone after distraction osteogenesis is by Reichel et al. [25] who performed mid-diaphyseal tibial corticotomies on 24 sheep. Reichel et al. showed that in lengthened ovine tibias, there was a correlation (R 2 = 0.60, p < 0.002) between the maximum torque and the bone mineral density in the regenerate region. The authors recommended that before fixator removal, the BMD of the callus region should reach 70% of the density in the contralateral side at the same region. However, these authors did not determine the 70% cutoff value based on their results but rather based this recommendation on an earlier study by Hamanishi et al. that recommended 70% as a cutoff [25, 26] .
A clinical study correlating DEXA scan measurements to the biomechanical properties of bone after distraction osteogenesis was performed by Tselentakis et al. [27] . In this study, the authors monitored nine consecutive patients undergoing distraction osteogenesis of their tibia (six patients) or femur (three patients) by regularly measuring bending stiffness of the distraction segment and performing corresponding DEXA measurements starting 6 weeks after completing distraction. The authors found a high and significant correlation between fracture bending stiffness and the square of the BMC at the location of minimum bone density (R 2 =0.77, p<0.001). They concluded that DEXA scans may be used reliably and effectively to determine fracture bending stiffness and consequently may be valuable for determining the appropriate time for frame removal. Additionally, they found that linear densities of 2.8 and 3.2 g/cm correspond to stiffness levels of 15 and 20 N m/ degree, respectively, and suggested that these numbers could be used as a cutoff. Although these findings are supportive of DEXA as a method for assessing bone healing after distraction osteogenesis, this study was significantly underpowered and thus failed to provide definitive evidence that DEXA can be used as a clinical method to decide when it is appropriate to remove an external fixator after distraction osteogenesis.
In 2008, a study by Chotel et al. [28] aimed to correlate DEXA measurements to bending stiffness in children and to subsequently use DEXA parameters to aid in deciding when to remove the external fixator after distraction osteogenesis. By monitoring 16 consecutive children who had 22 limbs lengthened by distraction osteogenesis, the authors determined that a regenerate BMC that was 75% of the contralateral leg (which also happens to correlate to 75% of the AP stiffness measurements) is a safe value for removal of the fixator. In their study, four patients sustained post-removal fractures, and these were the patients with a regenerate BMC that was less than 75% of the contralateral leg, which further supports the validity of their cutoff. This study differed from the Reichel et al. and Tselentakis et al. studies in that it provided data to substantiate a cutoff point after which frame removal would be safe, and it involved clinical scenarios.
There have also been several studies that have solely investigated the use of DEXA scan in assessing bone healing after distraction osteogenesis without correlating DEXA measurements to biomechanical properties. Eyres et al. [29, 30] studied the quantity and rate of formation of new bone during lengthening of 17 limb segments in ten patients using DEXA, US, and X-ray. The authors found that DEXA scan was the only method that could analyze the bone from 1 to 2 weeks after distraction to the end of lengthening. X-ray visualized new bone starting at 4 to 8 weeks, while the usefulness of ultrasound reached it limits at higher bone densities. In a 1997 paper, Maffulli et al. [31] collected data on the rate of regenerate BMC acceleration using DEXA in 11 children undergoing lengthening. The authors found a direct correlation between early bone formation and subsequent BMC increases. From these data, the authors concluded that BMC allows for monitoring of the lengthening process and suggested that it may be used not only to predict the bone formation rates in patients but also may prove useful in the decision as to when to remove the fixator. In another study, Reiter et al. [32] provided additional support for the use of DEXA scans in monitoring bone healing. BMD values were monitored in 21 patients during and after limb lengthening procedures on the femur or tibia. The authors found that DEXA BMD measurements increased after distraction and ultimately reached approximately 85% of the pre-lengthening BMD measurement. Reiter et al. did not specify the conditions in which they found it appropriate to remove the external fixator, though the study reported no post-frame removal fractures or deformities.
The only study that has applied and evaluated a method of using DEXA to determine when it is appropriate to remove an external fixator after distraction osteogenesis is by Saran and Hamdy [33] . In this paper, the authors reviewed the records of 26 patients who underwent 28 limb lengthening procedures. The patients were followed with monthly DEXA scans and the fixator was removed when the scans stabilized to less than a 10% increase between monthly scans and the plain radiographs did not show any major deficiencies or transverse lucencies in the regenerate bone. This resulted in no regenerate fractures and only one fracture in the proximal segment of the lengthened bone in a patient after fixator removal. The authors were able to maintain a low rate of post-removal fractures (3.6%) without keeping patients in the fixator longer than the typical patient (average healing index was 47 days/cm; average age 12.3 years, range 3-20 years).
The evidence supporting the use of DEXA scans in determining the extent of bone healing after distraction osteogenesis is growing. In a 2008 article, Brallion et al. [34] wrote that from their experience, DEXA measurements have replaced approximately two thirds of the conventional plain X-rays in monitoring these procedures. The authors added that DEXA is not without its weaknesses as it does not give a precise image of the cortical bone, an important component to consider in assessing bone healing. While initial studies suggest that DEXA scan may be useful in evaluating bone quality after distraction osteogenesis, it is clear that additional research would help DEXA to become a clinical standard. First, additional studies confirming that DEXA measurements correlate well with the strength of regenerate bone are needed. Second, it is important that a protocol is created and compared with the effectiveness of the current standard of evaluating bone healing with standard radiographs. An advantage of DEXA is that it can produce a number that can be used to objectively evaluate the regenerate rather than the subjective assessment of cortical bridging with standard radiographs, a measurement that has become further complicated by the use of the oblique fixator struts which regularly block the lateral view. However, DEXA, like radiographs, suffers in that it converts a three-dimensional object into a twodimensional image and finally into a one-dimensional number and could therefore miss small cortical gaps that may lead to fracture with loading after fixator removal.
Ultrasound
Ultrasound is another noninvasive method that researchers have investigated for its usefulness in assessing bone healing after distraction osteogenesis. Ultrasound is inexpensive, readily available, and does not expose patients to any radiation. Ultrasound also has been shown to reveal new bone formation up to 3 weeks earlier when compared with standard radiography or DEXA scan [29, 35] .
However, ultrasound has two disadvantages that ultimately limit its clinical effectiveness in assessing bone healing after distraction osteogenesis. First, a few studies have shown that ultrasound cannot differentiate changes in bone stiffness and strength after a certain point during healing [29, 36] . In 1993, Eyers et al. [29] studied the quantity and rate of formation of new bone during lengthening of 17 limb segments in ten patients using DEXA, ultrasonography, and radiography. The investigators found that the distraction gap appeared as an echolucent window which narrowed progressively and subsequently produced a hyper-reflecting line after which further consolidation could not be assessed. Second, ultrasound techniques are not reliable because there are many variables that cannot be controlled from one measurement to another. For example, the site of measurement may not be identical at different times of healing; thus, different path lengths would be used for the calculation of bone healing. Additionally, because most of the energy of ultrasound is transmitted through soft tissue, variable amounts of soft tissue overlying the bone may lead to fluctuations in measurements [37] .
Likely as a result of these limitations described above, there are no studies in the literature investigating the use of ultrasound as a method determining whether the regenerate bone has healed enough to remove an external fixator. Studies have ultimately focused on the use of ultrasound in the early stages of distraction osteogenesis.
Quantitative computed tomography
QCT is another noninvasive method that can be used to measure bone healing after distraction osteogenesis. QCT is based on the differential absorption of ionizing radiation by calcified tissue or bone. Using standard CT scanners, physicians can compare attenuation measurements with a standard reference to calculate bone mineral equivalents. As discussed earlier in the DEXA section of this paper, Reichel et al. [25] demonstrated that there is a strong correlation between DEXA scan bone mineral density measurements and maximum torque resistance of the regenerate bone.
Several studies have also shown that QCT bone measurements have a similar correlation.
In 1993, Markel et al. [37] [38] [39] [40] compared QCT, singlephoton absorptiometry, and DEXA measurements and showed that all three techniques had strong correlations with the torsional properties of healing canine tibial osteotomies. Markel et al. found that QCT had stronger correlations with local gap tissue properties than DEXA but suggested that the low resolution of the DEXA scanner used in the study could explain this result. In another study, Harp et al. [41] demonstrated a strong correlation between the apparent density of canine tibial specimens to QCT bone mineral density measurements. The authors derived an equation that accurately predicted the stiffness of tubular bones, including cortical and heterogeneous cancellous zones using measurements collected by noninvasive QCT. In 2003, Aronson and Shin [42] compared QCT, radiography, quantitative technetium scintigraphy with histology, and mechanical testing properties in an experimental series of 65 dogs undergoing unilateral tibial lengthening. The authors found that QCT was helpful in quantitatively demonstrating by bone mineral density and cross-sectional distribution that the regenerate bone was strong enough for fixator removal.
QCT analysis of healing bone after distraction osteogenesis has been slow to be adopted by the orthopedic community, but the research supporting its clinical use suggests that this method has much promise. QCT has the unique advantage in that it can provide high-resolution imaging of the healing bone while providing quantitative analysis of this area to help the clinician make an objective assessment of whether the bone has healed enough to remove the external fixator. The major disadvantage of QCT is its limited availability, high cost, and relatively higher relative radiation exposure to patients (compared to DEXA, ultrasound, and standard radiography). However, as technology improves, the availability of this method may increase and the cost should likely drop. Additionally, researchers are actively looking for ways to decrease radiation exposure of these scans.
Standard radiography
Standard radiography is the current clinical standard for assessing whether the bone has healed adequately for safe fixator removal after distraction osteogenesis. The presence of three out of four continuous cortices at least 2 mm thick on anteroposterior and lateral radiographs is a commonly cited criterion for the removal of the external fixator. This cortex-based recommendation comes from a retrospective study of femoral fractures treated with external fixation by Skaggs et al. [43] . The authors found a statistically significant association (p<0.05) between the number of cortices demonstrating bridging callus at the time of fixator removal and the rate of refracture. They stated that fractures showing fewer than three cortices of bridging callus had a 33% rate of refracture, whereas fractures with three or four cortices of bridging callus had a 4% rate. Fischgrund et al. [15] noted that the same criteria were true for neocortical formation in a distraction osteogenesis model and specified that the three cortices should be continuous and at least 2 mm thick. Using this as a criterion for the removal of the external fixator, they achieved a low refracture rate of 3%.
However, Anand et al. [16] found inter-observer percentage agreement to be less than half between all involved orthopedic surgeons, supporting the observation that assessment of bone healing by radiography after distraction osteogenesis is subjective. Starr et al. [16] investigated the reliability of using radiographs as a method to assess bone healing and determined that the variation in the assessment of the number of cortices was slightly better than chance. The authors concluded that low refracture rates after removal of an external fixator may be more an indicator of clinical judgment by experienced practitioners than the accuracy of using radiographic evaluation.
With the advent of digital radiography, there has been an attempt to measure the X-ray in a more objective manner. There have only been two studies that have attempted to investigate a quantitative method using radiography to assess bone healing after distraction osteogenesis. The first paper was by Kolbeck et al. [44] who performed tibia distractions in 24 micropigs and developed a calibration curve for digital radiographic measurements of regenerate bone using graded aluminum blocks for calibration. The authors found a high correlation between the radiographic measurements using their calibration curve and the biomechanical measurements. They concluded that their method was a useful tool for the in vivo assessment of the regenerate bone during the consolidation period in distraction osteogenesis. A strength of the Kolbeck et al. study was that it correlated actual mechanical measurements to radiographic readings. However, a weakness of their study was that it did not look at patients in a clinical setting. The next paper by Hazra et al. [45] accomplished this by retrospectively looking at 70 patient charts and correlating their BMD measurements (measured with a Hologic QDR 1000 instrument) to calculate pixel density ratios. Hazra et al. calculated average pixel density values for each of the regenerate and a proximal segment on the same side by taking values from the cortical and medullary bone on both anteroposterior and lateral views. The average of the regenerate segment and the proximal segment was used to calculate the pixel density ratio. The authors used the ratio of proximal bone pixel density to regenerate pixel density because their raw pixel value which was inversely related to radiopacity (i.e., with an increase in radiopacity, the raw pixel value decreased). They were careful to avoid metal with all measurements and did not use the distal segment because it often undergoes severe osteoporosis during lengthening. In the end, Hazra et al. found a high correlation between measured BMD ratios and calculated pixel value ratio (R 2 =0.79). Their scatter plot also showed good correlation and limited variability. The authors did not determine a cutoff point but concluded that pixel values measured on standard radiographs appear to indicate callus stiffness and may obviate the use of DEXA.
With the recent adaptation and spread of digital radiography, a quantitative method of using radiography to assess bone healing after distraction osteogenesis appears to be very possible. This technique would have the advantage of being readily available in many clinical centers, relatively cheap, and exposing patients to relatively little radiation. The major disadvantage of this method would be that it would be converting a three-dimensional object into a one-dimensional number; however, it is not entirely clear as to how important the three-dimensional visualization or assessment is with respect to bone strength assessment after distraction osteogenesis. Another important limitation with this method is the possible interference with hardware in the measurement areas.
Discussion
The decision of when is it appropriate to remove an external fixator after distraction osteogenesis is a challenging one. There have been several studies in the literature that have investigated different modalities and methods for the quantification of bone healing after distraction osteogenesis in order to help clinicians with this decision. In this paper, we have reviewed the literature of bone assessment after distraction osteogenesis with regards to various techniques including DEXA, ultrasound, QCT, and standard radiography. From this review, it is clear that more research is needed in this field, but the current work suggests that an improved objective method for this analysis is on the horizon.
From our experience, we recommend that conventional radiography should be obtained monthly at each visit. While the beginning clinician may believe that the presence of three of four potential cortical bridges seen on orthogonal radiographs is an adequate criterion for fixator removal, it is important to note that despite this finding, overall bone density may still be significantly reduced. QCT is a modality that is and will be more and more helpful in quantitatively demonstrating by mineral density and crosssectional distribution that the regenerate bone is strong enough for fixator removal. DEXA scan is unlikely to be as useful as it does not have the resolution or three-dimensional qualities of QCT. Ultrasound's role in limb reconstruction is currently limited to the early stages of distraction osteogenesis. Digital radiography with pixel density ratio measurement shows much promise and may be a more accurate means for assessing the regenerate bone quality after distraction osteogenesis than current visualization of cortical bridging methods. For this reason, we have started to investigate the use of digital acquisition radiography as a method for assessing bone healing after distraction osteogenesis by comparing clinical outcomes rather than BMD ratio numbers as was done by Hazra et al. [45] . Using recent advances in medical imaging software, Fig. 2 Example of our sampling pixel density technique using AP and lateral digital radiographs from a 10-year-old child who underwent 4 cm of lengthening. The patient did not have any complications after frame removal. AP (a) and lateral (b) radiographs at the appointment before frame removal with pixel density measurements. Measurements on each radiograph demonstrate the mean pixel value for each segment (regenerate and the adjacent diaphyseal and metaphyseal bone). Higher pixel values correlate with more opaque sections on radiograph and denser bone. AP (c) and lateral (d) radiographs at the 1-month follow-up showing a well-healed regenerate we are now able to sample and calculate the mean pixel values of large sections of bone, allowing for a more accurate assessment of the quantity and quality of the regenerate bone (see Fig. 2 ). There are two phases of our investigation. The first is a retrospective study that compares the mean pixel density ratios of two groups (refractured vs not refractured) that are matched by (gender, age, primary diagnosis, and amount of lengthening). With this study, we hope to establish a cutoff that we can use in a prospective study in which we use our radiographic method to determine when it is appropriate to remove a fixator. This second study will randomly place patients in a group in which the time to remove the fixator is determined by clinician judgment only or in a group in which it is determined by meeting the cutoff that we had defined in our retrospective study. Although studies correlating bone density may be helpful, only a study based on subsequent fractures after hardware removal would prove the usefulness of a particular method. With an outcome study based on fracture rates after external fixator removal, we aim to establish a simple, quick, inexpensive, and reliable method of assessing regenerate bone after distraction osteogenesis that will help reduce the occurrences of post-frame removal fractures and/or deformities.
